Background: We aimed to test a novel method of delivery of chloral hydrate (CH) sedation in ventilated critically ill young children. Methods: Children < 12 years old, within 72 hours of admission, who were ventilated, receiving enteral tube-feeds, with intermittent CH ordered were enrolled after signed consent. Patients received a CH loading-dose of 10 mg/kg enterally, then a syringe-pump enteral infusion at 5 mg/kg/hour, increasing to a maximum of 9 mg/kg/hour. Cases were compared to historical controls matched for age group and Pediatric Risk of Mortality score (PRISM) category, using Fisher's exact test and the t test. The primary outcome was feasibility, defined as the use of an enteral CH continuous infusion without discontinuation attributable to a pre-specified potential harm. Results: There were 21 patients enrolled, at age 11.4 (12.1) months, with bronchiolitis in 10 (48%), a mean Pediatric Logistic Organ Dysfunction (PELOD) score of 6.2 (5.2), and having received enteral CH continuous infusion for 4.5 (2.2) days. Infusion of CH was feasible in 20/21 (95%; 95% CI 76-99%) patients, with one (5%) adverse event of duodenal ulcer perforation on day 3 in a patient with croup receiving regular ibuprofen and dexamethasone. The CH infusion dose (mg/kg/h) on day 2 (n = 20) was 8.9 (IQR 5.9, 9), and on day 4 (n = 11) was 8.8 (IQR 7, 9). Days to titration of adequate sedation (defined as ≤ 3 PRN doses/shift) was 1 (IQR 0.5, 2.5), and hours to awakening for extubation was 5 (IQR 2, 9). Cases (versus controls) had less positive fluid balance at 48 h (-2 (45) vs. 26 (46) ml/kg, p = 0. 051), and a decrease in number of PRN sedation doses from 12 h pre to 12 hours post starting CH (4.7 (3.3) to 2.6 (2.8), p = 0.009 versus 2.9 (3.9) to 3.4 (5), p = 0.74). There were no statistically significant differences between cases and controls in inotrope scores, signs or treatment of withdrawal, or PICU days.
Background
Sedation in the pediatric intensive care unit (PICU) is an essential part of management of the critically ill child receiving mechanical ventilation. Sedation facilitates safe therapeutic and diagnostic procedures, ensures patient comfort, reduces distress in the child and as a result also reduces parental anxiety [1, 2] . Ensuring adequate sedation in the PICU is often a challenge, requiring multiple drugs, delaying extubation, and resulting in drug withdrawal and delirium [1] [2] [3] [4] [5] . Over-sedation is associated with hypotension, fluid administration, and inability to assess underlying neurological status, any of which can delay extubation and PICU discharge [1] [2] [3] . Conversely, under-sedation is associated with anxiety, fear, and discomfort, and can lead to losing vascular lines and invasive airways [1, 2] . A recent consensus guideline on sedation and analgesia in critically ill children recommended the early use of enteral sedative agents [6] .
Chloral hydrate (CH) is an enteral sedative/hypnotic drug that has been used for decades for sedation in children [7, 8] . It is common practice to administer CH in repetitive doses to maintain prolonged sedation in children during mechanical ventilation [6, [9] [10] [11] [12] . A survey on the use of sedatives in the PICU in the USA found that 45% of intensivists used CH frequently or routinely; > 60% responded that they used CH for long-term sedation [9] . A survey of Canadian pediatric intensivists found that CH was among the most frequently used sedative medications [12] . A previous study has shown the greater efficacy of oral sedatives such as CH compared to midazolam, a sedative frequently given in the PICU [13] . A recent study including 343 PICU patients who received CH for a median of 6 days at a dose of 134.4 (SD 83.2) mg/kg/day found that CH was associated with similar rates of adverse reactions (mainly desaturation and hypotension) as other sedatives used in the PICU [14] .
Our anecdotal observation was that patients often are initially over-sedated following a dose of CH, but are then under-sedated before the next dose is due; a continuous enteral infusion of CH may blunt this fluctuation in sedation level, with a lower total dose and fewer adverse effects. In addition, continuous enteral infusion of CH may result in dose-sparing of other sedatives that have a higher potential for adverse effects, delayed awakening, and withdrawal, including benzodiazepines and opioids [1] [2] [3] [4] . We hypothesized that a novel, simple, and low-cost method of delivering enteral CH, continuous enteral infusion, is feasible as a sedative infusion in critically ill children. We also hypothesized that continuous enteral infusion of CH is associated with important patient outcomes including lower opioid and benzodiazepine requirements, and improved outcomes in fluid balance, ventilator days, inotropic support, and harms in the PICU.
Methods

Ethics approval
This study was approved by the Health Research Ethics Board of the University of Alberta (Pro00035544). All case patients had their parent or legal guardian sign informed consent to participation.
Study design
This is a prospective cohort study of enteral infusion of CH. Eligibility criteria were the following: admitted to the PICU at Stollery Children's Hospital; PICU admission for < 72 h; mechanically ventilated; ≥ 44 weeks post-conceptional age up to 12 years of age; CH sedation ordered by the treating PICU team; and enteral feeding tube delivering feeds at any rate by nasogastric, nasojejunal, gastric, or gastrojejunal tube. Exclusion criteria were any of the following: weight <3 kg; contraindication to the use of the gastrointestinal tract to receive oral medication; short gut syndrome; known gastric or duodenal ulcer; severe liver dysfunction defined by INR >2 and lactate >2 mmol/L; severe renal dysfunction (defined by needing dialysis); or allergy to CH.
The intervention patients (CHOSEN cohort) were compared to a matched historical control group (control cohort) of patients that received intermittent CH in the year prior to the intervention. These historical controls were matched for age (<1 year or 1-5 years) and Pediatric Risk of Mortality (PRISM) score (<10 or [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] to intervention patients. In the historical controls, baseline was considered the time that CH was ordered by the attending physician. The historical controls met the same eligibility criteria, and were identified retrospectively through a pharmacy database by determining patients who had CH removed from the on-site PICU computerized dispensing system. Because many patients who had CH sedation in the PICU were not tracked through this system, to have enough patients to match, these controls were from periods both before and after the CHOSEN cohort was completed.
Study procedures
A CHOSEN order sheet with instructions on dosing and using the infusion pump (for safety, programmed with hard dosing limits, and to require confirmation that infusion was given enterally) was used (Additional file 1). CHOSEN patients were to receive a loading dose of CH 10 mg/kg enterally, followed by a CH enteral infusion by syringe pump at 5 mg/kg/h Y-infused into the feeding tube with the feeds. The CH infusion could be increased up to a maximum of 9 mg/kg/h enterally. As there was no published information on continuous CH dosing, this dosing algorithm was based on our experience that intermittent CH in our PICU was usually ordered at doses of 15-30 mg/kg every 3 hours as required (prn). Each increment in the enteral CH infusion was by 1 mg/ kg/h following a loading dose of 3 mg/kg, and could occur no more frequently than hourly. If the patient was over-sedated for at least 4 h without any prn medications, the other sedation medications being used were to be decreased at the attending medical team's discretion prior to considering decreasing the CH infusion by 1-2 mg/kg/h up to every 3 h. When decreasing CH infusion in anticipation of extubation, the instruction was to decrease the CH infusion rate by half at 6 h prior to extubation, and to stop the CH infusion 3 h prior to extubation. Prior to the study, we tested an in vitro infusion of CH mixed with commonly used PICU feeding formulas infused at low rates to maximize the chance of tube blockage, and found no tube blockage after more than 24 h. Clinical data were recorded from the patient chart onto a case report form with pre-specified definitions for all variables (Additional file 2). Baseline variables included demographics (age, sex, weight, diagnostic category, surgery category), and severity of illness measures (inotrope score, PRISM score, and Pediatric Logistic Organ Dysfunction (PELOD) score) [15] [16] [17] . Outcome variables from baseline included: sedation needs (rescue prn sedation doses per day for days 1-7; time to titration of adequate sedation defined as ≤ 3 prn sedation doses per 12-h shift; total daily dose (prn and infusion) of CH, benzodiazepine, opioid, and dexmedetomidine for days 1-7); time to awakening on discontinuation or lowering of sedation infusions in preparation for extubation, defined as awake enough for extubation to occur; fluid balance at 24 h and 48 h, in ml/kg; ventilator hours; and PICU length of stay in days. Potential harms were prespecified to include: feeding tube blockage requiring tube replacement; gastrointestinal bleeding requiring transfusion of at least 10 ml/kg packed red blood cells; new or worsened seizures treated with anticonvulsant; new or worsened ventricular dysrhythmia requiring treatment; feed intolerance defined as feeds being held for > 3 h; or failed extubation due to excessive remaining sedative effect (e.g., hypoventilation, or excessive secretions).
Statistics
There are no previous studies of CH enteral infusion. The primary outcome is feasibility, defined as the use of an enteral CH continuous infusion without discontinuation attributable to a pre-specified potential harm (see above for definition) or lack of adequate sedation. Assuming that CH infusion would be feasible in at least 75% of CHOSEN patients, we estimated that a sample size of 32 patients would be needed to estimate the feasibility within 15% of the true feasibility rate with 95% confidence. This was calculated as follows:
where n is the number of patients needed, π is the proportion of patients in whom the CH infusion is expected to be feasible (=0.75), and 0.15 is the maximum discrepancy between the study sample feasibility and the population feasibility with a certainty of 95%. The main pre-specified secondary outcomes are: number of prn doses of sedation per day and their change from pre CH to post CH, time to titration to adequate sedative effect, time to awakening on discontinuation or lowering of sedation infusions, and fluid balance at 48 h. Descriptive summary measures including mean (standard deviation, SD) and median (interquartile range, IQR) were used as appropriate. The Student t test and chi-square analysis, as appropriate, were used to explore the differences between and within groups (enteral CH infusion vs. historical controls) in the secondary outcomes.
Results
Description of cohorts
From June 2013 to May 2014 there were 140 patients screened and 30 patients eligible for the study; 7 patients were not approached (1 whose family did not speak English, 1 who was apprehended by social services, and 5 who were not approached because there were no research staff available), 2 patients declined consent, and 21 patients were prospectively enrolled into the CHOSEN group. The historical controls were retrospectively identified patients from February to December 2012 and August 2014 to May 2016. Most baseline variables for CHOSEN cases and historical controls were similar, except that the controls included cardiac surgical patients (5 (24%) vs. 0%, p = 0.048), some patients that had non-invasive mechanical ventilation (3 (14%) vs. 0%, p = 0.23), and fewer patients with the diagnosis of bronchiolitis (4 (19%) vs. 10 (48%), p = 0.10) and with medical illness (13 (62%) vs. 18 (86%), p = 0.16) ( Table 1 ). All patients were < 6 years old, mostly infants, and with moderate severity of illness as measured by inotrope score, PRISM, and PELOD scores (Table 1) .
Primary outcome
The CH enteral infusion was feasible in all 21 (100%) CHOSEN patients using the original definition of feasibility: use of an enteral CH continuous infusion without discontinuation attributable to a pre-specified potential harm or lack of adequate sedation. Patients were on CH enteral infusion for 4.5 (SD 2.2) days, and 4.4 (IQR 2.3, 6.7) days (Table 2) ; the highest infusion dose on day 1 and 2 was 6.4 (SD 1.0) and 7.4 (SD 2.3) mg/kg/h (Table 3 ). There was one serious adverse event in a 16-month-old girl with croup due to parainfluenza virus, who was intubated and ventilated and treated with dexamethasone every 6 h (q6h) and ibuprofen q6h for 3 days prior to developing a perforated duodenal ulcer that required laparotomy and Graham patch. This event was thought possibly related to the enteral CH infusion by the medical team; as this was a potential harm, the CH enteral infusion was feasible in 20/21 (95%; 95% adjusted Wald CI 76-99%). There was one death among patients in the historical control group (5%) and no deaths in the CHOSEN group.
Main secondary outcomes
The number of prn doses of sedation required by patients in the CHOSEN arm decreased from 4.7 doses (SD 3.3) 12 h pre CH infusion to 2.6 doses (SD 2.8) 12 h post CH infusion (p = 0.009); there was no change in the historical control patients (p = 0.74). The time to titration to adequate sedative effect and time to awakening on discontinuation or lowering of sedation infusions did not differ between the CHOSEN and historical control groups ( Table 2 ). The fluid balance at 48 h was − 2 (SD 45) ml/kg in the CHOSEN group vs. 26 (SD 46) ml/kg in historical controls, p = 0.051. The use of morphine and midazolam infusions was less on day 1 and 2 in the historical controls (vs. CHOSEN patients), but not different from days 3-7, and the dose of these infusions when used was similar ( Table 3) . The proportion of patients on midazolam infusion between days 2 and 3 reduced in the CHOSEN group (from 17/ 20 (85%) to 9/17 (53%), p = 0.03) but not in the historical controls (from 7/20 (35%) to 6/14 (43%), p = 0.64) ( Table 3 ).
Other secondary outcomes
Other outcomes examined are shown in Tables 2, 3 and  Additional file 3: Tables S1 and S2 . Ventilator hours and PICU length of stay was lower in the CHOSEN group vs. the historical controls, but not statistically significantly so (p = 0.12 and 0.17). No patient in either group failed extubation due to excessive sedation effect. There were no significant differences in post-extubation withdrawal measures, including signs of withdrawal, or enteral narcotic, benzodiazepine, or clonidine started within 48 h of extubation. The use of midazolam and narcotic infusions from 24 h pre extubation to 24 h post extubation significantly dropped in CHOSEN patients (from 11/21 (52%) to 2/21 (10%) on midazolam, p = 0.003; and from 21 (100%) to 12 (57%) on narcotic, p = 0.001), but not in historical controls (p = 0.22 and 0.12) (Additional file 3: Table S1 ). The use of narcotic infusion dropped further between 24 h post extubation to 48 h post extubation in CHOSEN patients (to 5/21 (24%), p = 0.03), but not in historical controls (p = 0.33) (Additional file 3: Table S1 ). Use of inotropes and inotrope scores did not differ between the groups. Detailed information on sedation variables are given in Additional file 3: Table S2 .
Discussion
In this study we tested a novel low-cost method of delivery of the commonly used sedative medication CH in PICU patients. The main findings of this study include the following. First, continuous enteral infusion of CH was feasible in 95% of patients, used for a mean of 4.5 (SD 2.2) days. The time to titration of adequate sedation was short (mean 1.4 (SD 1.3) days). Second, continuous enteral infusion of CH was effective, associated with a statistically significant reduction in the number of prn doses of sedation from 12 h pre baseline to 12 h post baseline, and in the use of midazolam infusions between day 2 and 3 of ventilation. This reduction did not occur in the historical controls group. The doses used for continuous CH enteral infusion on days 1-3 were usually from 5-9 mg/kg/h, providing the first dose-finding information of which we are aware. Third, continuous infusion of enteral CH was associated with a lower positive fluid balance at 48 h compared to historical controls. Other patient important outcomes were not statistically different between groups, including ventilator hours, PICU length of stay, measures of drug withdrawal after extubation, hours to awakening on weaning of sedation, and inotrope scores. There was a statistically significant decrease in the use of midazolam and narcotic infusions in the 24-48 h after extubation in the group on continuous enteral infusion of CH, but not in the historical controls. Finally, there was one possible SAE comprising a punctate discrete duodenal congenital heart disease were: atrial septal defect (n = 1); tetralogy of Fallot (n = 2); other (n = 1) b Three control patients had only non-invasive ventilation used perforation in a 16-month-old patient with croup who had been treated with regular dexamethasone and ibuprofen for 3 days in the group on continuous enteral infusion of CH.
There are some concerns with this study that warrant discussion. First, the matching process was suboptimal, and there were clinically significant imbalances at baseline between the CHOSEN and retrospectively identified historical control groups (such as numbers of patients with congenital heart disease, bronchiolitis, non-invasive ventilation, and medical reasons for admission). In fact, we do not suggest the use of continuous CH enteral infusion in patients without a protected airway, such as those having non-invasive ventilation. These baseline imbalances are also reflected in the statistically significantly lower use of morphine and midazolam infusions in the first and second day of the study (Table 3) , and in the wide SD of ventilator hours and PICU days (Table 2) in the historical control group. We believe that these imbalances reduced the ability to detect differences in outcomes between the CHOSEN and historical control groups. For this reason, we emphasize the difference within groups in number of prn doses of sedation between 12 h pre baseline to 12 h post baseline, in use of midazolam infusion for sedation between day 2 and 3 of the study, and in use of midazolam and narcotic infusions between 24 h pre extubation to 24 h post-extubation. In addition, the lack of difference in measures of drug withdrawal post extubation between groups (Table 2 ) was present even though there was the imbalance in the proportion of patients on narcotic and midazolam infusion 24 h pre extubation (lower in the historical control group; Additional file 3: Table S1 ). Thus, the differences between the CHOSEN and historical control groups should be considered to reflect the minimal efficacy of the continuous enteral infusion of CH.
Second, the SAE of a punctate discrete duodenal perforation in the first part of the duodenum was considered possibly related to the continuous enteral infusion of CH (the tip of the feeding tube was at the junction of the 2nd and 3rd part of the duodenum). This is not a common complication in previously well children admitted to the PICU. The product monograph for CH lists gastric irritation as an adverse effect, and suggests CH be avoided in patients with gastritis, esophagitis, or gastric or duodenal ulcer; in overdose the product monograph states that gastric necrosis, perforation, gastrointestinal hemorrhage and esophageal stricture have also been reported [8, 18, 19] . Thus, the local research ethics board defined this SAE as being within "expected" adverse events. The patient had risk factors for a duodenal ulcer including being treated with regular dexamethasone and ibuprofen without gastrointestinal bleeding prophylaxis. A recent review suggests that proton pump inhibitors are indicated in patients taking systemic corticosteroids and concomitant non-steroidal anti-inflammatory drugs, due to the higher risk of peptic ulcers [20] . Further experience with continuous infusion of enteral CH will be necessary in order to determine whether this serious adverse event was likely attributable to the CHOSEN intervention.
There are limitations to this study. First, the small sample size comprising 21 patients in each group, all Control N = 21 (12 Inotrope requirements while on chloral hydrate (inotrope score (SD)) There was a statistically significant decrease in proportion of patients on midazolam infusion between day 2 and day 3 in the CHOSEN group (p = 0.03 by chi-square) but not in the control group (p = 0.64)
